INTRODUCTION {#sec1-1}
============

Whether to attempt transcatheter closure (TCC) of patent ductus arteriosus (PDA) in patients with severe pulmonary hypertension (PHT) remains a challenging clinical problem. In neonates and infants, PHT is most often reversible, but in older patients the resolution of PHT is variable depending on the reversibility of pulmonary vascular resistance (PVR). Although, advances in transcatheter techniques have made TCC of large PDAs technically feasible, there is a paucity of data on patient selection, technical considerations, acute complications, and long-term results related to this subset of patients.\[[@ref1]--[@ref3]\] This study highlights the importance of using multiple clinical and investigational parameters including test balloon occlusion of the PDA in selecting the patients and also reports short- and intermediate-term follow up results.

MATERIALS AND METHODS {#sec1-2}
=====================

Between December 1998 and January 2010, 756 patients underwent TCC of PDA. During this period, 76 patients with PDA having severe PHT were referred for TCC. For the purpose of this study, severe PHT was defined as pulmonary artery systolic pressure more than 2/3 of systolic aortic pressure (recorded during cardiac catheterization). The data were collected retrospectively from the case sheets and the catheterization records. Informed consent was obtained from all patients.

Multiple clinical and investigational parameters were used to determine reversibility of PHT.

Upper and lower limb saturations were recorded at baseline and on exercise when necessary. Postexercise saturation of \< 90% was considered as being suggestive of irreversible PVR and when saturation was between 90% to 95%, they were subjected to cardiac catheterization.

A detailed Doppler echocardiographic evaluation was done to define the size of the PDA, and estimation of the pulmonary artery pressure (PAP). Specific attention was paid to rule out associated aortic coarctation and branch pulmonary artery stenosis.

General anaesthesia (thiopentone sodium, norcurone, and sevoflurane) was used in all patients during the procedure and inspiratory oxygen was maintained between 35% to 50%. At cardiac catheterization, baseline oxygen content and pressures were recorded at the various sites. In those with systolic PAP \> 90% of systemic pressure, balloon occlusion (Equalizer 20 or 27 mm, Boston Scientific, Natick, MA, USA) of the PDA was performed \[[Figure 1a](#F1){ref-type="fig"}\] and the systemic and PAP were compared before and after the balloon occlusion for 15 min \[[Figure 1b](#F1){ref-type="fig"}\]. For PDA less than 16 mm in diameter, 20 mm balloon was tracked over a super stiff Amplatzer guidewire (Boston Scientific, Natick, MA, USA), inflated in the main pulmonary artery and pushed against the pulmonary end of the PDA. For ducts larger than 16 mm, 27 mm occlusion balloon was used. Any fall in systolic PAP of \> 20% of the baseline pressure was considered as an indicator of significant left to right shunt across duct contributing to PHT. Diagnostic angiograms were performed in left lateral \[Figures [2a](#F2){ref-type="fig"} and [3b](#F3){ref-type="fig"}\] and right anterior oblique 30° \[Figures [2b](#F2){ref-type="fig"} and [3a](#F3){ref-type="fig"}\] to profile the anatomy of PDA which included estimating its diameter at the pulmonary and aortic ends, and its length. The duct size was described as per its diameter at the pulmonary end.

![(a) Shows test occlusion of PDA with a sizing balloon. (b) Shows a simultaneous recording of pressures from the aorta and the pulmonary artery. Balloon inflation dropped the pulmonary artery pressure by \> 20% suggesting reversibility of pulmonary vascular resistance](APC-5-135-g001){#F1}

![(a) A large PDA was profiled better in the lateral projection than in the (b) RAO view. In the latter, the PDA tended to get significantly foreshortened](APC-5-135-g002){#F2}

![(a) Angiogram in the RAO projection delineated the duct better than in the (b) lateral view. In the lateral view, a significant length of the PDA got superimposed by the descending thoracic aorta](APC-5-135-g003){#F3}

If the PDA was found suitable for closure, Amplatzer ductal occluder (ADO, AGA medical corporation, Plymouth, MN, USA) was used in all those with duct size ≤ 14 mm. For ducts larger than 14 mm, other ductal occluders (Lifetech Scientific Ltd, Shenzen, China and Cocoon Vascular Innovation Nonthaburi, Thailand,) or Amplatzer muscular septal defect occluder (AMVSDO, AGA medical corporation, Plymouth, MN, USA) were used. The PDA was crossed from the pulmonary end in all the patients. Amplatzer delivery sheath (AGA Medical, Plymouth, MN) was introduced from the venous route over Amplatzer super stiff guide wire (Boston Scientific, Natick, MA, USA), and was parked in the descending thoracic aorta. The device size used was the same as the angiographic size in newborns and infants or one size more in the older population. Device was delivered as per the standard technique described earlier.\[[@ref2]--[@ref4]\] Aortogram was done at 10 min after the release to confirm device position and rule out residual shunt. Postprocedure, the patients were monitored in the intensive cardiac care unit for 24 h. A close watch was kept for any evidence of intravascular hemolysis and device embolization. Patients were discharged on the next day except the neonates and young infants who were ventilator dependent.

All cases were followed at 6 weeks, 6 months and every year thereafter. Improvement in functional class and weight gain were noted. The patients were evaluated clinically for any evidence of worsening of PHT. At follow up echocardiography, the position of the device was confirmed and residual shunt if any was noted. The presence of turbulence in the left pulmonary artery (LPA) and aortic isthmus was looked for and the velocities/gradients across these structures were recorded. The PAP was estimated with tricuspid regurgitation jet on follow up. Repeat catheterization was not done in any case. Tablet aspirin (150 mg or 5 mg/kg/day) was given for 6 months till 2007. Since then, the use of Aspirin in patients undergoing TCC of PDA has been stopped in our centre.

STATISTICAL ANALYSIS {#sec1-3}
====================

Continuous variables have been summarized as mean with standard deviation or median with range as deemed suitable.

RESULTS {#sec1-4}
=======

Patient-related variables {#sec2-1}
-------------------------

During study period, 76 patients with PDA were found to have severe PHT. Clinical examination, ECG, x-ray chest and 2-D echocardiography (2DE) with color Doppler revealed irreversible PVR in six patients. Additional three patients were considered unsuitable for PDA closure due to significant fall (\< 90%) in the lower limb saturation following exercise. Out of the remaining 67 patients with severe PHT, two were found to be unsuitable on the basis of temporary balloon occlusion and were therefore not subjected to TCC. With these exclusion criteria, there was a possibility of some patients being denied the benefits of PDA closure.

Out of 65 patients who underwent TCC of PDA, there were 37 males and 28 females. Age distribution is shown in [Table 1](#T1){ref-type="table"}. The age ranged from 1 month to 38 years (median 9.1 years). The weight varied between 2.5 to 62 kg (median 14 kg). All patients were symptomatic; four neonates being ventilator dependent. PDA was the only hemodynamically significant lesion in all the patients. Associated anomalies included patent foramen ovale/small atrial septal defect (7), bicommissural aortic valve (6) valvar pulmonary stenosis (2) and small ventricular septal defect (2). None of these defects required any intervention. The duct diameter on echo ranged from 3.8 to 22 mm (median of 8.1 mm).

###### 

The summary statistics of vital demographic, hemodynamic, and angiographic variables and major complications in patients who underwent device closure of PDA (*n*=65)

![](APC-5-135-g004)

Cardiac catheterization {#sec2-2}
-----------------------

The mean systolic pulmonary artery and aortic systolic pressures were 66.9 ± 15.3 mmHg and 89 + 17.2 mmHg, respectively. Angiographically, the PDA size varied from 3.9 to 21.6 mm (median 8.1 mm). The pulmonary artery systolic pressure was less than 90% of aortic systolic pressure in 56 cases. All of them had predominantly left to right shunt based on clinical and investigational criteria with lower limb saturations of \> 95%. They were subjected to TCC without any further evaluation. In 11 patients with pulmonary artery systolic pressure \>90% of aortic systolic pressure, four were in age group 5 to 15 years and seven were \> 15 years of age. In this subset of patients, balloon occlusion of PDA was done prior to proceeding with TCC. The pulmonary artery and aortic pressures were recorded at baseline and after 15 min of balloon occlusion. In the 9/11 patients, there was a significant fall in pulmonary artery systolic pressure (\>20% of baseline). This was considered as being indicative of reversibility of PHT \[[Table 2](#T2){ref-type="table"}\]. The remaining two patients in whom the PAP fell by \< 20% were considered unsuitable for TCC. In all the cases, balloon was stable during the occlusion studies.

###### 

Hemodynamic data of patients who underwent balloon occlusion of PDA

![](APC-5-135-g005)

The size of ductal occluders used ranged from 6 × 4 to 24 × 22 mm (median 12×10). In two cases AMSVDOs of 20 mm were used because duct occluders of that size were not available at that time. In this study, out of ten cases with ducts larger than 14 mm we used two AMVSDO, six ductal occluder of 18 × 16 and two ductal occluders of 24 × 22 mm.

All the 65 patients who were considered suitable for TCC underwent successful closure of PDA. There was no incidence of device migration or embolization. Neonates, who were ventilator dependent, were extubated within 48 h of intervention and discharged within 7 days. At the time of post deployment angiogram, 62 out of 65 patients showed residual shunt through the device. However, it disappeared over a period of time and there was no residual shunt in any of the patients at the time of the last follow up.

Complications {#sec2-3}
-------------

Significant hypotension (50% drop in aortic systolic pressure) along with ST-T changes in inferior leads were noted in five infants and four neonates as soon as super-stiff guide wire was parked in descending thoracic aorta \[Figures [4a](#F4){ref-type="fig"} and [4b](#F4){ref-type="fig"}\]. Hemodynamic stability was regained in 7/9 as soon as stiff wire was removed after placing the delivery sheath in the descending aorta. In the remaining two babies, the blood pressure and ECG normalized only after the device was released from the cable.

![ECG and aortic pressure of an infant at baseline (a) and after crossing of duct with wire (b). Note the significant drop in systolic pressure along with ST elevation in inferior leads after the PDA was crossed with a super-stiff guide wire](APC-5-135-g006){#F4}

One patient with a residual shunt had self-resolving acute hemolysis lasting for 48 h that was managed conservatively. At the time of pre discharge echocardiography, three patients (two neonates and one infant) had a mild flow acceleration in their LPA with a maximum velocity of \> 2 m/s but \< 2.5 m/s while six (three neonates and three infants) patients had peak velocity of \> 2 m/s but less than 2.5 m/s in the region of the aortic isthmus due to the protrusion of aortic retention disc into the aortic lumen. Transient loss of lower limb pulses was observed in one neonate and three infants.

Follow up is available in 56 patients for a period of 65 ± 34 months. During the follow up, the PAP could be estimated by tricuspid regurgitation jet in 40 of them. 34/40 patients had an estimated PAP of \< 50 mm Hg. In the remaining six cases although the PAP was estimated to be \> 50 mm Hg, it was significantly lower than the preprocedural PAP. None of the patients showed any evidence of worsening of the PHT. At the time of the last follow-up, all the patients were either asymptomatic or in the NYHA class I. During the follow up period, none of the patients had any progression in their peak velocities or gradients across the LPA or the aortic isthmus. On the contrary, three out of these nine patients have velocities less than 2 m/s when seen last.

Of 11 patients who were considered to have irreversible PVR, one died after a period of 66 months from the time of catheterization, six had gradual worsening of symptoms (from NYHA II to III) over a period of 75 ± 21 months, while two patients remained status quo during the follow up of 44 and 33 months, respectively. Three other patients were lost to follow up. All of them were treated with sildenafil and/or bosentan.

DISCUSSION {#sec1-5}
==========

*Case selection and determining reversibility of PHT*: Patients with large PDAs present as a clinical spectrum ranging from a ventilator-dependent newborn, symptomatic infant, near asymptomatic child to an adolescent with severe pulmonary hypertension and Eisenmenger\'s syndrome.\[[@ref1]\] The decision to close a large duct may be straightforward, or may require investigations including hemodynamic assessment and clinical judgement. Every patient with ductus and severe pulmonary hypertension should be evaluated for evidence of significant left to right shunt utilizing clinical examination, chest X ray, ECG, Echo Doppler and if necessary, hemodynamic assessment at cardiac catheterization to ensure satisfactory long term outcome after device closure, as highlighted by this study as well as by the previous reports.\[[@ref2][@ref3]\] However, there always remains a distinct possibility of denying the benefit of TCC of PDA to those who were excluded due to what was thought to be irreversible PVR.

Assessment of PVR at cardiac catheterization after administering 100% oxygen, and after nitric oxide has several limitations in a patient with PDA.\[[@ref5]--[@ref7]\] In the case of PDA, the exact site of sampling distal to the shunt also remains controversial since the precise streaming of the ductal flow is not universal.\[[@ref6]\] Moreover, mean PAP can be underestimated in the presence of pulmonary regurgitation.

Temporary occlusion of PDA with balloon or device has been in use to decide on contribution of left to right shunt and pulmonary vascular resistance to PAH.\[[@ref2][@ref3][@ref5][@ref8][@ref9]\] Use of device is less cumbersome and saves time but is an expensive proposition in case the PAP does not fall or actually rises. In the setting of PDA with Eisenmenger\'s syndrome, pulmonary artery systolic pressure may not fall at all as it happened in two of our patients or can actually increase following closure of duct along with or without drop in the aortic systolic pressure. Closure of duct in this scenario can lead to rapid right ventricular failure. When PDA was closed despite failure of balloon occlusion to show desired response, patients have been reported to have adverse outcome.\[[@ref2][@ref3][@ref7]\] Therefore, in two patients who did not have fall in the PAP with balloon occlusion, it was decided not to proceed with duct closure. This is a reliable test to exclude patients with borderline hemodynamic data from undergoing device closure.\[[@ref2][@ref3][@ref7]\]

Hemodynamic instability in newborns and infants during PDA closure {#sec2-4}
------------------------------------------------------------------

This is a unique problem seen during the TCC of hypertensive PDAs in newborns and small infants. Although the exact mechanism of this phenomenon is not known, we hypothesize that the passage of the super stiff wire and/or the delivery sheath into the descending aorta tends to pull it down resulting in pulling up the ascending aorta with a resultant stretch on the right coronary artery producing right/ biventricular ischemia with severe reduction in the cardiac output. The problem is compounded by the presence of pulmonary regurgitation produced by the wire and sheath traversing the pulmonary valve. This may result in acute volume overload of right ventricle in addition to the pressure overload due to severe PHT. The most important thing is to be quick once the super stiff wire goes into the descending aorta. The delivery sheath and the device should be kept absolutely ready for deployment. This helps in shortening the duration of ischemia. Although we did not encounter any serious consequences, it is possible that longer duration of ischemia can be detrimental to the extent of being life threatening. All the resuscitative measures should therefore be kept in a ready state during this phase of the procedure.

Device selection {#sec2-5}
----------------

There is no unanimity on the type of device to be used for closing large PDAs with severe PHT. ADO is available up to 16×14 mm. For defects larger than 14 mm, AMVSDO or duct occluders of other makes (Lifetech and Cocoon) can be used. These duct occluders are available up to 24 × 22. In this study, all ducts could be closed successfully without any technical problems. There is a report of successful closure of large ducts using other makes of duct occluder (Starway Medical technology Inc, China).\[[@ref2]\] In that series, ducts larger than 13 mm were closed in 44 cases (Mean ductal diameter 18.4 mm + 6.3 mm and device size 21.6 mm + 5.5 mm) with successful outcome.\[[@ref2]\] In another report, PDAs with PHT (seven cases), having duct diameters of 9.8 mm + 1.7 mm were closed with AMVSDO.\[[@ref8]\] Our data clearly indicates that even large PDAs with severe reversible PHT can be safely closed with a ductal occluder of appropriate size without added risk of device embolization. We do not see any extra advantage of using AMVSDO which is bulkier in profile and more expensive.

Device size selection in infants and neonates {#sec2-6}
---------------------------------------------

This is of particular importance in order to prevent any obstruction to the flow in the LPA or the aortic isthmus. We used devices of same size as that of the duct diameter in this subset of patients. Worrisome stenosis most often occurs in those where pre-existing LPA stenosis or aortic coarctation that has been overlooked prior to the closure of PDA. It is therefore essential to take a close look at the LPA origin and aortic isthmus as was done in all our patients. Despite taking both these precautions, our incidence of these complications is more than what has been reported by others.\[[@ref10][@ref11]\] This can be partly related to larger duct size (mean of 4 mm in neonates and 4.7 mm in infants) and exclusive use of devices (and not coils) in this study. In another study, Shivkumar *et al*. did not report any incidence of LPA or aortic isthmus narrowing following closure of PDAs with ADO or coils in children weighing less than 6 kg.\[[@ref11]\]

Hemolysis is a rare and well documented complication of incomplete PDA closure with significant residual shunt sometimes requiring complete closure of the shunt with the use of more coils, glue or surgery.\[[@ref12]\] Most often the hemolysis is self limiting as it happened in our patient.

Pulmonary hypertension on follow up {#sec2-7}
-----------------------------------

Fall of PAP in the long term is the hallmark of successful closure of PDA with severe PHT. Though accurate PAP could be estimated by tricuspid regurgitation jet in only 40/56 of cases, none of the remaining 16 patients showed any indirect evidence of worsening of the PHT. This fact supports the use of multiple variables in selecting the patients appropriately.

Limitations {#sec2-8}
-----------

This is a retrospective study and the follow up information was available in 56 of the 65 patients. Many of the criteria used for deciding the reversibility of the PAP have been qualitative and have not been compared with the more established variables such as PVR. Patients with presumed irreversible PHT on clinical evaluation did not undergo cardiac catheterization thereby raising the possibility that some patients who would otherwise have benefited, might have been denied device closure. There is no direct estimation of PAP on follow up since repeat cardiac catheterization was not done in any patient.

CONCLUSIONS {#sec1-6}
===========

Large PDAs with severe PHT can be closed safely and effectively in selected group of patients. Use of clinical, radiological, ECG, echo Doppler, and hemodynamic parameters is essential for proper case selection. Test occlusion of PDA with a balloon can help in decision making in borderline cases. Infants and neonates with severe PHT need special attention during duct closure as they are prone to intraprocedural hemodynamic instability and compromise of aortic lumen.
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